Summary. Clinical observation shows that radiographic contrast media (CM) may influence thrombus formation. In the search for the underlying mechanism, we have shown that the ionic CM ioxaglate is a potent inhibitor of thrombin generation in platelet-poor and platelet-rich plasma, whereas the influence of the non-ionic contrast medium iodixanol is minimal. Ioxaglate boosts the inhibitory effect of the platelet GPIIb/IIIa antagonist abciximab and the effects of ioxaglate and heparin are additive. Ioxaglate inhibits the clotting of fibrinogen and the activation of factors V and VIII, and of platelets by thrombin. It does not inhibit hydrolysis of small chromogenic thrombin substrates, nor does it influence the heparin-catalyzed inactivation of thrombin by antithrombin. We assume therefore that ioxaglate interferes with the binding of macromolecular substrates to the anionic exosite I of thrombin. The biological correlation to the observed antithrombotic effect of ioxaglate is then to be found in the inhibition of thrombin generation via inhibition of thrombin-mediated feedback activations.
Introduction
Radiographic contrast media (CM) used in diagnostic and therapeutic angiography procedures interfere with blood coagulation and platelet function [1] [2] [3] [4] [5] . The effect on the hemostasis/thrombosis system is dependent on the type of the CM: ionic or non-ionic, or high, iso-or low osmolarity. Several randomized and non-randomized trials have reported a higher risk of arterial closure during the coronary angioplasty and stenting with non-ionic CM compared with the ionic ones [6] [7] [8] [9] [10] [11] [12] [13] , although the inverse has also been reported [14] . It has also been demonstrated that the use of the ionic dimer contrast agent ioxaglate is associated with a reduction in thrombotic episodes after coronary angioplasty [1] . In a previous study, we observed that upon administration of ioxaglate (1% v/v) to six patients undergoing angiography, thrombin generation in platelet-rich plasma (PRP) was diminished [15] .
This broaches the question of the possible interaction of ioxaglate with heparin and platelet antagonists that are both potent inhibitors of thrombin generation [16] and frequently administered during angiography. We therefore studied the mechanism of inhibition by ioxaglate and assessed the extent of interaction with heparin and abciximab. In order to stay as close as possible to the situation in vivo, we carried out our studies in platelet-poor plasma (PPP) and PRP, and used isolated factors only in so far as necessary to arrive at a plausible explanation of the observed inhibition.
Part of the data shown here was presented in the Transcatheter Cardiovascular Therapeutics 2000 in Washington DC [17] and in the XVIII ISTH conference in Paris [18] .
Materials and methods

Materials
Plasma PRP was prepared by centrifuging fresh citrated blood (nine parts of blood to one part of citrate solution 0.13 mol L À1 )
at 250 g, 15 8C for 10 min. The platelet count was adjusted to 3 Â 10 8 mL À1 using autologous PPP.
Reference plasma: plasma was pooled from 10 to 12 healthy donors. PPP was obtained by two centrifugations at 15 8C, for 15 min at 3000 g, and a third centrifugation was made at 4 8C, for 15 min at 23 000 g, and stored at À80 8C. The clotting factors and the antiproteases were checked to be in the normal range. Chemicals, reagents and buffers Chromogenic substrate used for thrombin determination was S2238 (H-D-Phe-Pip-ArgpNA.2HCl, Chromogenix AB, Malmö, Sweden). Recombinant relipidated tissue factor (rTF), polybrene-and calcium-free, was a gift from Dade Behring (Marburg-Germany). Phospholipids were added in the form of vesicles consisting of 20 mol% phosphatidylserine (PS) and 80 mol% phosphatidylcholine (PC), prepared as previously described [19] (Avanti Polar Lipids Inc., AL, USA). Bovine serum albumin (lot A-7030) was purchased from Sigma Chemicals (St Louis, MO, USA).
(Knoll AG, Ludwigshafen, Germany). It has been shown that at the final concentration used ( 
Defibrination of plasma
At 37 8C, 20 mL of a 50 U mL À1 Ancrod solution was added per 1 mL of PPP. After 10 min at 37 8C and 10 min incubation on ice the fibrin clot was wound out onto a plastic spatula.
Thrombin generation: the thrombogram
The thrombin formed was assessed by a subsampling method [20] . The reaction mixture consisted of 240 mL of plasma in 360 mL final volume and 60 mL of buffer A containing phospholipid vesicles (1 mmol L
À1
) and activator. These were incubated for at least 5 min at 37 8C before 60 mL of CaCl 2 (0.1 mol L À1 ) was added to start the reaction. The activators used were: (i) for the extrinsic system: 15 pmol L À1 rTF; (ii) for the intrinsic system, 50 mg mL À1 of kaolin. From the reaction mixture, 10 mL aliquots were transferred into cuvettes containing 490 mL S2238 (0.2 mmol L À1 in buffer B) at regular intervals (10-60 s). Either after approximately 2 min or at the time when visible color production could be observed, the reaction was stopped by 1 mol L À1 citric acid solution.
Sampling time and stopping time were registered through push buttons on the pipettes, connected to a personal computer. From these times and the measured OD (405 nm), the amidolytic activity (OD min À1 ) was automatically calculated and converted into equivalent thrombin concentrations. With PRP, thrombin generation was performed similarly: 240 mL PRP (platelet count adjusted to 3 Â 10 8 platelets mL À1 )
was supplemented with 60 mL of buffer A (AE the material to be tested), and incubated for 10 min at 37 8C. At zero time, the coagulation was triggered by 60 mL of 0.1 mol L À1 CaCl 2 [20, 21] . The thrombogram is characterized by three main parameters: (i) the lag time, which is for all practical purposes equivalent to the clotting time; (ii) the peak height that renders the maximal velocity of net thrombin production that when antithrombin is in the normal range reflects the maximal prothrombinase activity attained; and (iii) the endogenous thrombin potential (ETP), which is the area under the thrombin generation curve (AUC).
Thrombin and arvin clotting times
Thrombin or arvin was added to normal pooled plasma preincubated with CM for 1 min, and clotting times were measured. Human thrombin and arvin were used at concentrations adjusted to obtain a clotting time of approximately 65 s in normal plasma (6 and 2 U mL À1 , respectively).
Results
Influence of CM on the thrombogram in PPP and PRP
In PPP, ioxaglate at 5% (v/v) strongly inhibited thrombin generation that was triggered with tissue factor (TF) and completely abolished intrinsic thrombin generation (Fig. 1a,b) . Iodixanol at the same concentration slightly increased the thrombin generation in both systems (Fig. 1a,b) . The inhibition was independent of the presence of fibrinogen (data not shown).
In the presence of platelets, iodixanol at 5% (v/v) postponed thrombin generation but increased the peak height and the ETP (Fig. 1c) . Ioxaglate at the same concentration prolonged the lag time much more and significantly inhibited both peak height and ETP (45%) (Fig. 1c) .
Interaction of CM with antithrombotic agents
Abciximab The GPIIb/IIIa antagonist, abciximab, inhibits platelet-dependent thrombin generation and prolongs the lag time [16] . Admixture of iodixanol (5% v/v) further retarded the thrombin generation but had no influence on the amount of thrombin formed (Fig. 2) . In contrast, ioxaglate at 5% (v/v) together with abciximab (40 mg mL À1 ) almost completely abolished thrombin generation, whereas each of the drugs alone caused an inhibition of 45% and 25%, respectively. Heparin TF-induced thrombin generation was measured in PPP in the presence and absence of 0.04 U mL À1 of unfractionated heparin and 5% (v/v) of ioxaglate, alone or in combination. The parameters of the thrombogram (lag time, peak height and the ETP) were affected markedly by ioxaglate and heparin together (Fig. 3) ; the inhibitory effects appeared to be additive. The pseudo first-order decay constant of thrombin inactivation, in the presence and absence of various concentrations of heparin, was not significantly affected by concentrations up to 20% (v/v) of either CM (data not shown). The influence of CM on the antithrombin-mediated decay of thrombin appeared to be negligible.
Localization of the inhibitory effect of ioxaglate
As ioxaglate has no influence on thrombin breakdown, its effect on the thrombin-time curve must be localized in prothrombin conversion. From the data of the thrombin curves and the decay constant of thrombin in the absence and presence of ioxaglate we calculated [20] the course of prothrombin conversion and noted that prothrombinase activity was lowered from 95% to 0% as the concentration of ioxaglate was increased from 5% to 20% v/v. It also increased the amount of residual prothrombin in serum (data not shown).
We checked whether ioxaglate had a direct effect on purified prothrombinase (i.e. FXa and FVa) acting on prothrombin in the presence of procoagulant phospholipids, measured according to [19] and on intrinsic tenase (i.e. FIXa and FVIIIa acting on FX in the presence of procoagulant phospholipids measured according to [22] . These reactions all appeared to be unaffected (results not shown), so we deduced that ioxaglate inhibits the formation of prothrombinase in plasma but not the action of prothrombinase as such, or the activation of FX. In accordance with these results, FXa and FIXa did not overcome the inhibition of thrombin generation in plasma when added during the lag phase of thrombin generation in the presence of ioxaglate, unless added at non-physiologically high concentrations (>20 nmol L
À1
; results not shown). As can be seen from Fig. 4(a) , the inhibition of thrombin generation by ioxaglate could be relieved by adding FV that had been previously activated by thrombin and Ca 2þ (10 min), but not by FV as such. The effect was not due to the thrombin present in the FVa preparation because the same concentration of thrombin added without FV(a) had no effect (data not shown). This suggests that ioxaglate has an influence on the activation of FV. Indeed, when FV was preincubated with thrombin in the presence of ioxaglate (20% v/v), it was unable to restore thrombin generation (Fig. 4b) . This fact also held true when FV was activated by an extensively washed fibrin clot, i.e. by thrombin adsorbed onto fibrin [23] , a form that is likely to be abundant at the site of a thrombus (data not shown). We also investigated the effect of the addition of thrombinactivated factors on contact-induced, i.e. FVIII-dependent, thrombin generation (Fig. 5) . FVa alone had a small effect but FVa and FVIIIa together significantly enhanced thrombin generation (Fig. 5) . FVIIIa, like FVa was prepared ex tempore by incubation with thrombin (2 nmol L À1 ) and Ca 2þ or a thrombin-induced and washed fibrin clot. FVIII preincubated with thrombin (free or bound) in the presence of ioxaglate (10% v/v) did not restore thrombin generation (Fig. 5) . It thus appears that ioxaglate inhibits the activation of FV and FVIII by thrombin and that this phenomenon is responsible for the inhibition of thrombin generation in clotting blood.
Ioxaglate did not inhibit the conversion of a small MW chromogenic substrate (S2238) by thrombin however (Table  1) , i.e. it does not affect the active center as such. This suggests that it interacts with the recognition of large substrates via an exosite. Indeed, ioxaglate also inhibited the clotting of fibrinogen by thrombin. Clotting induced by arvin, an enzyme on which ioxaglate has no known effect, was much less affected than was thrombin-induced clotting (Table 1 ). This suggests that the prolonging of the clotting time may be partly, but not entirely, due to inhibition of fibrin polymerization.
Discussion
Thrombotic phenomena are common during and especially after intracoronary interventions [24, 25] . Invariably such procedures are accompanied by visualization of the coronary bed with radiographic contrast media. Clinical epidemiology indicates that there are differences in the frequency of thrombotic events depending on the contrast medium (CM) used (see Introduction). We tried to find a biological correlate to these observations. Thrombin generation was chosen as an indicator of possible pro-or anti-thrombotic effects because it is increased in all prothrombotic states thus far investigated and decreases under the effect of all antithrombotics thus far tested. Not only do anticoagulants decrease thrombin generation in PPP and PRP, but antiplatelet agents also decrease thrombin generation in PRP [26, 27] . Our results showed that the ionic CM ioxaglate strongly inhibits thrombin generation in PPP and especially in PRP, whereas the non-ionic iodixanol has much less effect and even slightly enhances thrombin generation (in the absence of platelets).
Administration of heparin and/or platelet inhibitors such as abciximab often accompanies intracoronary interventions, so we investigated the combined effects of these drugs and CM. The inhibitory effect of heparin appeared to be independent of that of ioxaglate, the total inhibition being equal to the sum of the inhibitions. In PRP, this CM strongly boosted the inhibition of thrombin generation caused by abciximab. In an attempt to localize the inhibitory effect of ioxaglate on the coagulation system, we studied its effect on the prothrombin conversion by purified prothrombinase and tenase and found them not to be affected. We observed that the inhibition of thrombin generation could be short circuited by adding FVa during extrinsic thrombin generation and by adding FVIIIa and FVa in intrinsic thrombin generation. This strongly suggests a defect in the feedback activation of FV and FVIII by thrombin [28, 29] .
In agreement with a previous study [30] , we observed that the amidolytic activity of thrombin on a small chromogenic substrate was not inhibited (Table 1) . We therefore postulate that the ionic CM interferes with binding of large molecular weight thrombin substrates to exosite I (Figs 4 and 5 ). This assumption also explains the inhibition of prothrombinase that was observed by Fay and Parker [30] because, in their experiments, the plasma was used as a source of FV so that activation of FV by thrombin must be a rate-limiting step in their procedure.
We did not investigate whether ioxaglate inhibits the thrombin-induced splitting of FV and FVIII because the parallelism between this splitting and the acquisition of biological activity has been documented extensively in the literature [31] [32] [33] [34] . Neither did we extend our kinetic experiments with purified factors because it was our primary aim to find the biological correlate to a clinical phenomenon that necessarily occurs in whole blood, of which PPP and PRP can be considered to be reasonable representatives.
In PRP, the exposure of a procoagulant phospholipid surface by the platelet is rate-limiting for thrombin generation. Platelets are activated directly by thrombin and, in a later stage, also via von Willebrand factor interacting with fibrin [21, 35] . Platelets also release FV, but under our conditions these processes are not rate-limiting [29] .
Exosite I is required for thrombin-induced activation of blood platelet procoagulant activity [36] [37] [38] , so that the observations on PRP are readily explained by the same assumption as those in PPP. This is in apparent contrast to the conclusion of Fay and Parker that platelet aggregation is not affected by CM. Aggregation, however, is an early and reversible step in platelet activation that can be caused by a variety of agents including thrombin. The exposure of procoagulant phospholipids takes place in an advanced stage of platelet activation that is critically thrombin dependent [21, 26, 39] . The release reaction is an intermediate stage of platelet activation and has been reported to be inhibited by ionic CM [40] . Abciximab inhibits the exposure of procoagulant phospholipids [16] and thus acts on the same mechanism as ionic CM, which explains the synergistic effect that we observed. Heparin, boosting the natural antithrombin of plasma, acts via a completely different pathway; hence the independence of the inhibitions brought about by CM and heparin.
Ionic CM also inhibits fibrin polymerization [41] . This causes prolonging of the clotting time observed with a snake venom enzyme (arvin) that itself is not inhibited by the non-ionic CM (Table 1 and data not shown). The prolonging of the thrombin clotting time by the ionic CM is much more outspoken than that of the snake venom enzyme. This is a consequence of exosite I being involved in the interaction between thrombin and fibrinogen. This effect may be the basis of the abnormalities of the three-dimensional fibrin structure observed by Brass et al. [41] .
We conclude that the assumption that ioxaglate acts as an exosite I inhibitor explains our observations; this is in agreement with the suggestion of Li and Gabriel [42] , and explains the large majority of previously published results. In view of the pivotal role of thrombin in the pathogenesis of coronary thrombotic events [43, 44] , the capacity of a contrast agent to prevent thrombin formation is conceivably an important asset. It remains an interesting question whether the ionic CM can be used as a lead structure for the development of a class of antithrombotics acting through exosite I inhibition.
